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Abstract 
Spatial Variation of Seismic Ground Motion Analysis for Bridge in Complex 
Topography 
 Zhan Yu 
Zerva.A Supervisor, Ph.D 
 
 
 
 
The spatial variation of seismic ground motions plays a significant role in the safety of 
lifelines, such as bridges. Of particular importance is the case when the bridge is 
supported at variable ground conditions, as, e.g., rock outcrop for the abutments and 
sedimentary material for the piers. Spatial variability models for such sites currently do 
not exist. In order to circumvent this lack of model availability, it is, generally, assumed 
that the response spectra of the motions at the bridge supports reflect the appropriate 
ground types, and that the coherency models developed at uniform sites can also be used 
at sites with irregular subsurface topography. However, spatial variability models at 
uniform sites may not correctly reflect the variation in the seismic motions at sites with 
irregular topography. 
 
This study analyzes data recorded at a unique dense array in the Parkway Valley, 
Wainuiomata, New Zealand, a small alluvial valley surrounded by greywacke outcrops. 
This dense array consisted of stations on both the sediment basin and the surrounding 
rock, with station separation distances pertinent for earthquake engineering applications. 
Correlation patterns in the seismic ground motions depending on the local ground 
conditions, the station location and the wave types controlling different time windows are 
discussed. It is noted that the seismic excitations within the valley have a significantly 
vi 
 
 
longer duration than the seismic ground motions recorded at the rock stations due to the 
formation of surface waves. Interestingly, motions at the rock and soil stations indicate 
some correlation in the data for the shear-wave window. On the other hand, the 
correlation of the motions in the valley with those at the rock stations during the surface-
wave window appears to be similar to the correlation of noise. Furthermore, data 
recorded at the stations close the edge of the valley are affected by the valley/rock 
boundary, whereas data recorded in the middle of the valley appear to be more coherent. 
Significant variability is also observed in the frequency content of the motions depending 
on their location and the time window analyzed. A significant outcome of the study is 
that the valley characteristics also affect the power spectral densities of the motions in the 
surrounding rock. The analysis sets the basis for the investigation and modeling of the 
spatial coherency at sites with irregular subsurface topography. 
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CHAPTER 1: INTRODUCTION 
 
 
 
The current trend in the seismic response evaluation of bridges is to incorporate the 
spatial variability in the seismic excitation (e.g., CEN, 2005). For bridges supported at 
uniform ground types, e.g., rock or soil, it suffices to describe the frequency content of 
the motions with an appropriate power/response spectrum, the lagged coherency with an 
appropriate model for the ground type, and an apparent propagation velocity consistent 
with the incidence of inclined surface waves at the site. Such a modeling, however, is not 
appropriate for sites with variable ground types. Bridges may supported at variable 
ground types, i.e., their abutments and some piers at rock sites and the intermediate piers 
at the softer soil deposits of a valley. Spatial variability models of the seismic ground 
motions at such sites currently do not exist. In order to circumvent this lack of model 
availability, it is assumed that the response spectra of the motions at the bridge supports 
reflect the appropriate ground types, and that the coherency models developed at uniform 
sites can also be used at sites with irregular subsurface topography (for a review see, e.g., 
Zerva, 2009).  
 
This study analyzes data recorded at a unique dense array in the Parkway valley, 
Wainuiomata, New Zealand, with stations located on both the sediments and the 
surrounding rock. Frequency-wavenumber spectra analyses are first applied to the data 
recorded in the valley in order to identify the dominant waves controlling the motions 
during different windows. A “shear-wave” and a “surface-wave” window are identified 
for the subsequent analysis. Power spectral densities and lagged coherency estimates are 
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determined between station pairs that mimic the location of bridge supports across the 
valley. An investigation of the effect of the valley on the seismic excitations in the 
surrounding rock is also performed. It is shown that the amplitude variability and the 
lagged coherency observed at uniform sites cannot be reliably extrapolated to sites with 
irregular subsurface topography. 
 
1.1 The Parkway, Wainuiomata, New Zealand, Array 
 
 
In 1995, a temporary dense array of digital seismographs was deployed in the Parkway 
valley, Wainuiomata, New Zealand by the Institute of Geological and Nuclear Sciences 
of New Zealand (Stephenson, 2000). This flat-floored valley has a width of 
approximately 400 m and is surrounded by greywacke outcrops. The configuration of the 
array and the Parkway Valley are shown in Fig. 1, with the line indicating the boundary 
of the soft soil sediments. The array was composed of 24 EARSS seismographs coupled 
to three-component 1.0 Hz seismometers: four stations (stations 22–25) were deployed on 
the weathered greywacke, and 19 stations (stations 2–21) on the soft sediments of the 
valley. Station 13 was never installed. Station 1 was located at approximately 2.0 km to 
the northeast of the basin. The minimum and maximum station separation distances 
between the stations within the valley and surrounding the valley were 22.8m and 
665.7m, respectively. The 64 seismic events recorded at 10 or more stations during the 
array’s operation exhibited a wide range of magnitudes, source-site distances, azimuths 
and earthquake depths (Stephenson, 2000).  
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1.2 Array Data 
 
The event of August 11th, 1995, recorded at 17 stations of the array is analyzed herein. 
The magnitude of this event was 4.9, with a depth of 28 km and an epicentral distance of 
80 km. Its geometrical backazimuth from the Parkway array was 59o. The velocity time 
histories were sampled at 0.01 sec and are presented in Fig. 2 for the E-W component. 
The numbers at the left side of the figure denote the recording stations. The figure 
suggests that the waveforms at the sedimentary stations, generally, have larger 
amplitudes, longer duration and significant lower frequency components compared to 
those at the rock stations, which are typical characteristics of records in sedimentary 
basins (Frankel et al., 1991). 
 
Figure 1 The location and configuration of the Parkway array (after Stephenson, 2000). 
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Figure 2 Velocity records of the E-W component at the array stations; the vertical axis is 500 
units with1 unit representing 0.00536 mm/sec 
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1.3 Soil Profile 
 
 Both cone penetrometer test (CPT) and seismic cone penetrometer test (SCPT) 
subsurface investigations were carried out to determine the geotechnical properties of the 
Parkway valley (Stephenson and Barker, 2000). The tests indicated that the sediments are 
composed of variably bedded, poorly consolidated mud, sands and gravels. Examination 
of the greywacke height contours suggested that the maximum thickness of the sediments 
at the Parkway valley could be between 30m and 50m. The soil profile is presented in 
Table 1.  
 
 
 
Table 1. Soil layer profile at the Parkway Valley (Stephenson and Barker, 2000) 
 
Layer thickness  
(m) 
P wave velocity 
(m/s) 
S wave velocity 
(m/s) 
Density 
(t/m3) 
2.24 1650 85 1.8 
4.56 1650 149 1.8 
4.7 1650 164 1.8 
14.0 1650 345 1.8 
6.0 2100 133 1.8 
half space 3500 1750 2.6 
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CHAPTER 2: IDENTIFICATION OF WAVE TYPES IN DIFFERENT 
WINDOWS 
 
 
 
The irregular subsurface topography at sedimentary basins not only amplifies the 
impinging waves but, also, causes the generation of surface waves at the edges of the 
basin.  In order to identify the dominant wave components in the Parkway valley data, the 
concept of the moving window slowness analysis, proposed by Frankel et al. (1991), is 
applied to the recorded seismograms by implementing the conventional method of 
frequency-wavenumber (F-K) spectrum estimation (e.g., Zerva, 2009). Only data 
recorded at the sedimentary stations are utilized in this evaluation. The velocity 
seismograms at the rock stations are not considered, because they will contaminate the 
identification of the propagation pattern of the waves in the valley.  
 
The length of the overlapping time windows utilized was 0.5 sec, starting at 19 sec and 
ending at 25 sec for both horizontal directions (E-W in Fig. 2(a) and N-S in Fig. 2(b)); 
the subsequent evaluation concentrated on the analysis of the E-W component of the data 
(Fig. 2(a)). The conventional frequency-wavenumber analysis, combined with slowness 
stacking, was applied over three frequency ranges: 0-10 Hz, 0-3.125 Hz and 3.125-8 Hz. 
The examination of the peak slowness of the spectra suggested that shear waves dominate 
the window 19.5-20.5 sec, whereas surface waves dominate in the windows 21-22.5 sec. 
The window of 20.5-21 sec suggested a mixture of waves, as illustrated in Fig. 3. Figure 
3(a) presents the slowness contours of the spectra during the window for frequencies 
between 0 and 10 Hz, which encompass the entire dominant range of the motions. A 
relatively “wide” range of high amplitudes (contour at “0.9”) is surrounding the peak, 
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which is identified at a slowness of {0.3, 0.36} sec/km, i.e., indicating that the waves 
impinge the array at a backazimuth of 39.80o (measured clockwise from north) with an 
apparent propagation velocity of 2.13 km/sec, which suggests that shear waves dominate 
the window. Subsequent analyses (illustrated in later figures) revealed that the motions 
are controlled by waves in the lower (< 3 Hz) and higher (4 – 7 Hz). The results of the 
slowness analysis of this window at the lower frequencies are presented in Fig. 3(b). The 
figure indicates a dominant wave impinging the array at a slowness of {0, 0.24} sec/km, 
i.e., waves propagating directly from the north with a high apparent propagation velocity 
of 4.17 km/sec. The slowness analysis of the same window at the higher frequencies (Fig. 
3(c)) indicated a peak at slowness {-1.5, 0.66} sec/km, i.e., a low velocity wave (apparent 
propagation velocity of 0.61 km/sec) arriving at an angle of 66.25o counterclockwise 
from north. This wave was not predominant in subsequent windows (up to 22.5 sec), but 
appeared again in subsequent windows. Figure 3(c), however, also indicates that this is a 
high-amplitude plateau encompassing the range of both the previously identified body 
wave as well as the subsequent surface wave. Hence, it was decided that this window 
incorporates both body and surface waves and should be included both in the shear-wave 
window and the surface wave window analysis. It should also be noted that this 
overlapping analysis has benefits for the conditional simulation of seismic ground 
motions: Commonly, in conditional simulations, the original (or reference time series), on 
which the spatially variable ground motions are conditionally simulated, is separated in 
segments  over which the  time series  appear to be stationary (e.g., Liao and Zerva,  
8 
 
 
0.
1
0.1
0.
1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.
2
0.2
0.2
0.
2
0.3
0.3
0.3
0.3
0.3
0.3
0.3 0.3
0.3
0.3
0.4
0.4
0.4
0.4
0.4 0.
5
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.7
0.7
0.7
0.8
0.
8
0.9
0.9
Stacked Slowness Spectra; Time = 20.5-21 sec; Direction: E-W, s = {0.3, 0.36}, BAZN = 39.8056o, v = 2.1339km/sec, SE = 577.8518, frequency = 0-9.9609 Hz
x-slowness [s/km]
y-
sl
ow
ne
ss
 [s
/k
m
]
-3 -2 -1 0 1 2 3
-3
-2
-1
0
1
2
3
 
(a) frequency 0 – 10 Hz 
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(b) frequency 0 – 3.125 Hz 
 
Figure 3 Stacked slowness spectra in the E-W direction for the time window of 20.5-21 sec over 
three frequency ranges 
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(c) frequency 3.125 – 8 Hz 
Figure 3. (continued) 
 
 
 
2007). In the present case, Fig. 2 shows relatively stationary characteristics in the time 
series over the shear-wave and surface-wave windows. Each time segment is then 
conditionally simulated with an appropriate coherency function and an apparent 
propagation velocity, and then the segments are pieced together. This overlapping 
segment can then serve as this transition region. 
 
With the aforementioned considerations, the windows selected for the analysis of the E-
W motions of the array are windows 19.5-21 sec and 20.5-22.5 sec. The first window 
contains the shear wave. The contour plot of its slowness spectrum is presented in Fig. 4. 
The figure identifies the peak of the spectrum at a slowness of {0.12, 0.48} sec/km; this 
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suggests that the waves propagate at a backazimuth of 14o clockwise from north with an 
apparent propagation velocity of 2 km/sec, consistent with an apparent propagation 
velocity of shear waves. Figure 5 presents the results of the slowness analysis for the 
window 20.5-22.5 sec. The peak value of the slowness spectrum is identified at a 
slowness of {0, 0.84} sec/km, i.e., the waves impinge the array from the north and have 
an apparent propagation velocity of 1.19 km/sec, which is more consistent with the 
velocity of surface waves. It is noted that, for both windows, the waves appear to be 
propagating essentially from the north, i.e., down the valley. This suggests that the waves 
change their direction from the epicentral as they encounter the valley. The estimation of 
the frequency content of the data, by means of power spectral densities, and their 
coherency during the two selected windows (Figs. 4 and 5) is presented in the following 
section. 
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Figure 4. Stacked slowness spectra in the E-W direction for the time window of 19.5-21 sec 
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Figure 5. Stacked slowness spectra in the E-W direction for the time window of 20.5-22.5 sec 
 
 
 
In the subsequent analysis, it will be necessary to compare the characteristics of the data 
at station 01 with those at the soil and rock stations of Fig. 1 during the two windows 
considered. Station 1 was installed on firm rock and was located approximately 2.0 km 
northeast of the basin. The power spectral densities of its motions during the windows 
19.5-21 sec and 20.5-22.5 sec are illustrated in Figs. 6(a) and (b), respectively. It can be 
seen from Fig. 6(a), that the spectrum is peaked at a low frequency of 2 Hz, and then 
again, with a smaller value, around 5.5 Hz. The later window (Fig. 6(b)) has a spectrum 
that is peaked at approximately 3.8 Hz, and its peak value is almost twice the peak value 
of the spectrum during the previous window. 
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CHAPTER 3: POWER SPECTRAL DENSITY AND COHERENCY 
ESTIMATION 
 
 
 
3.1 Introduction  
The set-up of the Parkway array renders itself uniquely for the estimation of the spatial 
variation of the data for bridge analysis. Figure 7 reproduces the layout of the array (Fig. 
1), with two inclined lines. These lines may be viewed as the footprints of two bridges.  
Each bridge has its abutments on rock (stations 24 and 25 for the northern footprint, and 
stations 23 and 22 for the southern footprint). The valley stations clustered along these 
two lines (stations 03, 04, 05, 06, 09 and 10 for the northern footprint and stations 11, 15, 
16, 17, 19, 20 and 21 for the southern footprint) may be viewed as the locations of the 
piers. Power spectral density and lagged coherency estimates are then evaluated along 
these two lines.  
 
The lagged coherency, )( fjkγ , between data recorded at two stations j and k of the array 
is given by (e.g., Zerva and Zervas, 2002): 
 
)()(/)()( fSfSfSf kkjjjkjk =γ     (1) 
 
in which, f indicates frequency (in Hz), )( fS jj  and )( fSkk  are the power spectral 
densities of the motions at stations j and k, respectively, and )( fS jk  is the cross spectral 
density between the motions at stations j and k. An 11-point Hamming window 
(Abrahamson et al., 1991) is used to smooth the spectral estimates of Eq. 1.  The lagged 
coherency indicates the degree of linear relation between the data at each frequency: The 
closer the value of the lagged coherency to unity, the higher the indication of the linear 
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trend, and the closer the value of the lagged coherency to zero, the larger the scatter in the 
data. 
 
 
 
 
 
Figure 7. The Parkway Array with the blue lines indicating possible “footprints” of bridges 
 
 
 
3.2 Shear-Wave Window 
 
Figures 8 and 9 present the results of the analysis for the shear-wave window. 
Specifically, Fig. 8 presents the power spectral densities (on the left part of the 
subfigures) and the coherency estimates (on the right part of the subfigures) between the 
data at station 05, which is located close to the middle of the northern “bridge footprint” 
(Fig. 7), and the stations clustered around this blue line. These are: the rock station 24 
(Fig. 8(a)), the soil stations 03, 04, 06, 09, and 10 in subfigures 8(b), (c), (d) and (e) and 
(f), respectively, and the rock station 25 (Fig. 8(g)). Figure 9 presents the results of the 
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shear-wave analysis for the southern “bridge footprint” (Fig. 7), which is longer and 
further down the valley along the direction of propagation of the waves than the northern 
footprint. Station 19, close to the center of this footprint was selected as the reference 
station. Power spectral densities (on the left side of the subfigures in Fig. 9) and 
coherency estimates (on the right side of the subfigures in Fig. 9) are evaluated from the 
data at station 19 with the data at the rock station 23 (Fig. 9(a)), the soil stations 11, 15, 
16, 21, 17 and 20 in subfigures 9(b), (c), (d), (e), (f) and (g), respectively, and the rock 
station 22 (Fig. 9(h)). Because the time series during this wind contain the shear-wave, 
which, presumably, dominates the data for the rock and the soil stations, the data have 
been aligned with respect to the reference station (stations 05 and 19 for Figs. 8 and 9, 
respectively). The power spectral densities in all subfigures of Figs. 8 and 9 are provided 
for the aligned data, but coherencies in all subfigures of Figs. 8 and 9 are presented for 
both the non-aligned and the aligned data as a measure of check. The time lag required 
for the alignment of the data with the reference station is provided in the heading of each 
coherency subplot in the figures. 
3.2.1 Amplification  
It is interesting to compare, at this point, the power spectral densities at the soil stations in 
Figs. 8 and 9 with the power spectral density of the rock station 01, which is located 2 km 
north-east of the array, during the same window (Fig. 6(a)). The spectral densities at the 
soil stations indicate that the data are rich in the frequency ranges of 0-3 Hz and 4-6.5 Hz, 
which also prompted the slowness analysis for these two different ranges in Figs. 3(b) 
and (c). The power spectral density at station 1 also indicates that the data at this further-
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away rock station are also rich in the same frequency ranges, but its amplitude is very 
small, e.g., approximately 35 times smaller than the amplitude of the power spectral 
density at station 05 (Fig. 8(a)). This further suggests that the selection of this window as 
the “shear”-wave window is appropriate. The data at the rock station 24 (Fig. 8(a)) follow 
the same pattern, with amplitudes higher than those at station 01, but significantly lower 
than those at station 05. The frequency content of the data at the rock stations 22 and 23 
(Figs. 9(a) and (h), respectively) is very similar; at both stations, the higher frequency 
motions are amplified, whereas the lower frequency motions de-amplified. A very 
different pattern is, however, observed for the rock station 25 in Fig. 8(g): At this station 
the higher frequency component of the data is dramatically amplified with a peak value 
comparable to the high peak value of the lower frequency component of the data at the 
soil station. These changes suggest that the data at the rock stations surrounding the 
valley are also significantly affected, and the conventional description of power/response 
spectral estimates at rock sites may not applicable to rock stations surrounding valleys. 
 
The amplification of the data at the valley stations also varies dramatically (Figs. 8 and 
9): In cases, the energy of the lower and the higher frequency components of the motions 
may be fairly similar (e.g., for station 16 in Fig. 9(d)), in other cases, the lower frequency 
components are more highly amplified than the higher frequency components (e.g., 
stations 04 and 05 in Fig. 8(c)), and in other cases the higher frequency components are 
more highly amplified than the lower frequency ones (e.g., station 03 in Fig. 8(b) and 
stations 19 and 21 in fig. 9(e)). Indeed, Stephenson and Chávez-García (1998), based on 
summing normalized spectra from 85 earthquakes at the array, indicated that whole-basin 
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modes occurred at 1.58, 1.68, 2.05, 3.03, 3.40 and 4.47 Hz. The dominant amplification 
for this event appears to be in the range of 1.58 and 1.68 Hz and then again at 4.47 Hz. 
Clearly, the wave propagation pattern in the valley and the surrounding rock is extremely 
complex, and depends highly on the location of the station. 
3.2.2 Coherency  
The coherency estimates of the aligned and the non-aligned data for the stations along the 
northern and the southern bridge footprints (Fig. 7) are presented on the right pars of the 
subfigures in Figs. 8 and 9 respectively. Because of the relative similarity in the 
frequency content of the rock and soil data discussed earlier, the coherency of the aligned 
data is given more weight.  
 
Regarding the coherency estimates of the data along the northern bridge footprint, the 
following may be noted: Interestingly, even though the amplitude variability of the power 
spectral densities between the rock and soil stations in Fig. 8(a) is dramatic, the 
coherency estimate of the aligned data at the two stations indicates that there is 
significant correlation in the data; as indicated earlier, this may be attributed to the 
observation that the data at the rock stations surrounding the valley appear to be affected 
by the valley as well. The most significant correlation, in the appearance of “hills” at the 
dominant frequency ranges, occurs between the data at stations 05 and 03 (Fig. 8(b)), 05 
and 04 (Fig. 8(c)) and 05 and 09 (Fig. 8(d)). The reason for this higher correlation in the 
motions may be attributed to the fact their power spectra peak at the same frequencies. 
This is not the case for the coherencies of the data between stations 05 and 06 in Fig. 
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8(d), and stations 05 and 10 in Fig. 8(f). In this case, the second peak of the spectra at 
stations 06 and 10 is slightly shifted from that at station 05 leading to lower values for the 
coherency at these frequencies. Interestingly, even though the distance between stations 
05 and 09 is longer than the distance between stations 05 and 06 (Fig. 7), the coherency 
between the data at the former pair is higher than the coherency of the latter pair, possibly 
because station 09 is located down the valley, in the direction of the propagation of the 
waves. It should also be noted that the coherency between the data at stations 05 and 10 
appears to be the lowest from all coherencies for this footprint. This may be attributed to 
the proximity of station 10 to the eastern boundary of the valley. Fairly significant 
correlations may also be observed between the data at station 05 and station 25, possibly, 
again, because the spectra at the two stations peak around the same frequency in the 
higher frequency range. 
 
Regarding the coherency estimates of the data along the southern bridge footprint, the 
following may be noted: The highest correlation occurs between the data at stations pairs 
19 and 16 (Fig. 9(d)), and 19 and 21 (Fig. 9(e)). This may be attributed to the fact that all 
three stations are located along the direction of propagation of the waves. Even though 
station 15 is in close proximity with station 16 (Fig. 7), its coherency with the data of 
station 19 (Fig. 9(c)) is lower than that of station 16 (Fig. 9(d)). The next lower 
coherency, although still very significant, is between stations 19 and 11 in Fig. 9(b). 
Interestingly, the lowest coherencies in Fig. 9 occur between the data at station pairs 19 
and 20 (Fig. 9(g)), and 19 and 17 (Fig. 9(f)), the latter reflecting the less correlated 
motions of the entire set. The aligned coherencies between station 19 and the rock 
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stations 23 and 22 in Figs. 9(a) and (h), respectively, produce lower coherencies than for 
the station pairs in the valley except for the pairs 19 and 20 (Fig. 9(g)), and 19 and 17 
(Fig. 9(f)). It appears, as for station 10 in the northern footprint (Fig. 8(f)), that, because 
stations 17 and 20 are closer to the eastern boundary of the valley, their data may be 
affected by reflections and refractions of waves along this boundary. Indeed, Rial et al. 
(1992) suggested that irregular valley shapes, such as combined concave and convex 
regions, probably, will lead to very complex and chaotic ground motions. 
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(a) power spectral density and coherency between 05 and 24 during the shear-wave window 
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(b) power spectral density and coherency between 05 and 03 during the shear-wave window 
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(c) power spectral density and coherency between 05 and 04 during the shear-wave window 
 
Figure 8. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 05 and stations along the northern blue line of Fig. 6 during the shear-wave window 
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(d) power spectral density and coherency between 05 and 06 during the shear-wave window 
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(e) power spectral density and coherency between 05 and 09 during the shear-wave window 
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(f) power spectral density and coherency between 05 and 10 during the shear-wave window 
 
Figure 8 (continued) 
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(g) power spectral density and coherency between 05 and 25 during the shear-wave window 
 
Figure 8 (continued) 
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(a) power spectral density and coherency between 19 and 23 during the shear-wave window 
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(b) power spectral density and coherency between 19 and 11 during the shear-wave window 
 
Figure 9. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 19 and stations along the southern blue line of Fig. 6 during the shear-wave window 
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(c) power spectral density and coherency between 19 and 15 during the shear-wave window 
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(d) power spectral density and coherency between 19 and 16 during the shear-wave window 
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(e) power spectral density and coherency between 19 and 21 during the shear-wave window 
 
Figure 9 (continued) 
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(f) power spectral density and coherency between 19 and 17 during the shear-wave window 
 
0 1 2 3 4 5 6 7 8 9 10
0
50
100
150
200
250
300
350
400
Frequency (Hz)
S
m
oo
th
ed
 P
ow
er
 S
pe
ct
ra
l D
en
si
ty
Aligned Data; Time 19.5-21 sec; Direction: E-W
19
20
 
0 1 2 3 4 5 6 7 8 9 10
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Frequency (Hz)
La
gg
ed
 C
oh
er
en
cy
Coherency; Stations 19 & 20; Time 19.5-21 sec; Direction: E-W, Alignment Lag = 17
non-aligned
aligned
 
(g) power spectral density and coherency between 19 and 20 during the shear-wave window 
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(h) power spectral density and coherency between 19 and 22 during the shear-wave window 
 
Figure 9 (continued) 
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3.3 Surface Wave Window  
 
Figures 10 and 11 present the results of the analysis for the surface-wave window. The 
layout of the figures corresponds to that of Figs. 8 and 9, which presented the results of 
the shear-wave-window. Figure 10 shows the power spectral densities and coherency 
estimates between the data at station 05 and the stations clustered around the northern 
bridge footprint (Fig. 7), and Fig. 11 shows the power spectral densities and coherency 
estimates between the data at station 19 and the stations clustered around the southern 
bridge footprint. It is noted that, in this evaluation, the comparison of the power spectral 
densities between soil and rock data (Figs. 10(a) and (g), and Figs. 11(a) and (h)) are 
made by considering non-aligned data. As can be observed from Fig. 2, there is no visual 
wave correlation pattern, and, indeed a time-domain cross correlation analysis indicated 
small, spurious peaks. A time shift of these data seemed then fictitious. For the 
aforementioned reason, in this case, the coherency estimate between the rock and soil 
stations using the non-aligned data is given more weight in Figs. 10(a) and (g), and Figs. 
11(a) and (h). On the other hand, as in Figs. 8 and 9, the data at the soil stations have 
been aligned with respect to the reference station of each bridge footprint, and the 
coherency estimated of the aligned data are given more weight. 
3.3.1 Amplitude 
 
For this window, it can be clearly seen from the power spectral densities of the data at all 
stations (left part of the subfigures in both Figs. 10 and 11) that the frequency content of 
the motions in the valley and around the valley is completely different than those 
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recorded at the further away rock station 01 (Fig. 6(b)). The frequency content of the data 
at station 01 peaks at a frequency of 3.8 Hz, whereas the data at the rock and soil stations 
in the valley and surrounding the valley peak at frequencies similar to those of the 
previous window. The analysis of the correlation of the data at the rock stations is further 
elaborated upon in the next section.  
 
There is dramatic amplification of the motions at most stations in the valley at a 
frequency of approximately 1.5 Hz. Stephenson and Chávez-García (1998), concentrating 
on horizontal motions recorded in the valley, identified two main resonant frequencies at 
1.58 and 1.68 Hz. Stephenson (2000) further showed that the response at 1.58 Hz is a 
superposition of longitudinal and transverse waves that are, generally, propagating down 
the valley irrespective of the backazimuth of the earthquake source. The same 
observation can be made from the evaluation of the slowness spectra illustrated in Fig. 5. 
Clearly, such dramatic amplification during the surface-wave window cannot be captured 
by power/response spectra developed from the characteristics of shear waves.  
 
Regarding the amplitude variability of the data along the northern bridge footprint (Fig. 
10), the following may be noted: The data at station 05, the reference station of the 
northern bridge footprint, show, perhaps, the highest amplification at a frequency of 
approximately 5 Hz. The data at the soil stations also show a peak around this frequency 
but it is not so pronounced as for station 05, and, in addition, it is, in cases slightly shifted 
(e.g., Fig. 10(f)). The data at the rock stations (Figs. 10(a) and (g)) indicate that their 
higher energy is around this higher frequency, slightly shifted to 5.5-6.0 Hz, but there is 
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still some energy at the lower frequencies. The highest peak of the spectral densities 
occurs for the data at station 06 (Fig. 10(d)), with an amplitude comparable to the high 
amplitude of soil stations along the southern bridge footprint (Fig. 12). Very low 
amplitudes are observed for the data at station 03 (Fig. 10(b)), followed by those recorded 
at station 04 (Fig. 10(c)). These differences may be attributed to the closer proximity of 
stations 03 and 04 to the boundary of the valley (Fig. 7), which, possibly, does not permit 
the full amplifications of the waves. 
 
Regarding the amplitude variability of the data along the southern bridge footprint (Fig. 
11), the following may be noted: As for the northern bridge footprint, the data at the rock 
stations of the southern footprint (Figs. 11(a) and (h)) show the lowest amplitudes with a 
small peak at the lower frequencies and with their higher peak at the higher frequencies; 
further discussion regarding the rock stations will be presented in the following section. 
The majority of the data at the soil stations, i.e., stations 11, 15, 16, 19 and 21 in Figs. 
11(b), (c), (d) and (e), show very significant amplification in the low frequency range, 
around the frequency of 1.5 Hz, which was also previously identified as the major 
dominant frequency of the valley (Stephenson, 2000). The lowest amplification for the 
valley stations occurs for station 20 (Fig. 11(g)), followed by its close-by station 17 (Fig. 
11(f)). These low amplitudes may be attributed (as for stations 03 and 04 of the northern 
bridge footprint in Figs. 10(b) and (c)) to the proximity of the stations to the boundary of 
the valley, which may not permit the full amplification of the wave components. For the 
soil stations, the peak at the higher frequencies is not as pronounced as that for station 05 
along the northern bridge footprint (Fig. 10), except, perhaps, for station 15 in Fig. 11(c). 
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The peak at this higher frequency is, in cases, slightly shifted (e.g., in Fig. 11(g)), or may 
even not exist (e.g., Figs. 11(b) and (e)). 
3.3.2 Coherency  
 
As indicated earlier, for the coherency estimates between the data at the rock and soil 
stations, it is the non-aligned data that are given more weight. Both for the rock/soil 
stations along the northern and the southern bridge footprint (Figs. 10(a) and (g), and 
Figs. 119a) and (h)) the coherency of the non-aligned data is low. Considering that the 
correlation of noise smoothed with an 11-point smoothing window is approximately 
equal to 0.35 (Abrahamson et al., 1991), the coherency between the soil and rock data 
resembles, over frequency ranges, the coherency of noise, indicating that in these 
frequency ranges the data are uncorrelated. For the motions between stations 05 and 24 
(Fig. 10(a)) of the northern bridge footprint, and the motions between stations 19 and 22 
(Fig. 11(h)) of the southern bridge footprint, there is some correlation, again in the form 
of “hills”, at the two predominant frequencies. For the motions between stations 05 and 
25 (Fig. 10(g)), there appears to be some correlation only at low frequencies, lower than 
approximately 2 Hz. For the motions between stations 19 and 23 (Fig. 11(a)), the motions 
are uncorrelated at the low frequencies, but there exists correlation in the frequency range 
of the higher energy of the ground motions, as can be observed from the left part of this 
subfigure.  
 
Regarding the coherency estimates of the aligned data in the valley along the northern 
bridge footprint (Figs. 11(b)-(f)), the following may be noted: The coherency between the 
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data at stations 03 and 04 with the reference station 05 in Figs. 10(b) and (c) is relatively 
flat over the dominant frequency range of the motions, more so in Fig. 10(c) than Fig. 
10(b). It appears that there is low correlation even at low frequencies, that remains fairly 
constant for the data between stations 04 and 05 (Fig. 10(c)), but decreases further at 
higher frequencies for the data between stations 03 and 05 (Fig. 10(b)). As was 
previously discussed regarding the amplitude variability of these data, this behavior of 
the coherency may also be attributed to the proximity of stations 03 and 04 to the western 
valley boundary. The coherency of the aligned data between the reference station and the 
remaining soil stations of the northern bridge footprint (Figs. 10(d)-(f)) follow the same 
pattern: high correlation at the lower frequencies (more so for station pair 05 and 09 in 
Fig. 10(e) than the other two station pairs), and again some lower correlation in the form 
of a “hill” over the frequency range of the higher-frequency energy concentration of the 
data. 
 
Regarding the coherency estimates of the aligned data in the valley along the southern 
bridge footprint (Figs. 12(b)-(g)), the following may be noted: The aligned data for all 
station pairs are highly correlated at low frequencies. The highest correlation occurs 
between the data at station pair 19 and 16 (Fig. 11(d)), followed by those at station pair 
19 and 15 (Fig. 11(c)); this may be attributed to the proximity of the three stations and the 
fact that all three are located at the middle of the valley (Fig. 7). For station pairs 19 and 
17 (Fig. 11(f)), and 19 and 20 (Fig. 11(g)), coherency is high at the low frequencies, more 
so for the former than the latter station pair. Past the low frequency range, coherency is 
low, slightly above the coherency of noise. Again, this may be attributed to the proximity 
30 
 
 
of stations 17 and 20 to the eastern boundary of the valley, which, also, did not permit 
significant amplification of the data at these stations. Interestingly, the coherency pattern 
between station pairs 19 and 11 (Fig. 11(b)), and 19 and 21 (Fig. 11(e)) is similar: high 
correlation at low frequencies (more so for station pair 19 and 21 than station pair 19 and 
11), followed by a wide drop, and then increasing at higher frequencies. It is noted that 
the increase of the coherency at higher frequencies is insignificant, as the energy of the 
waves at these high frequencies is very low. The wide drop in the coherency estimates for 
these two station pairs may be attributed to the fact that their amplitude variability does 
not peak at higher frequencies, as for the other soil stations. For station 11 (Fig. 11(b)), 
this may be attributed to the proximity of the station to the western boundary of the 
valley. This behavior, however, was not anticipated for the coherency estimate between 
stations 19 and 21 (Fig. 11(e)). Since station 21 is located in the middle of the valley, in 
the cluster of stations 15, 16 and 19, and down the valley from these stations along the 
direction of propagation of the waves, it was expected that the pattern of its correlation 
would be similar to that between station pairs 19 and 15 (Fig. 11(c)), and 19 and 16 (Fig. 
11(d)). This is not, however, the case, indicating, again, that the pattern of propagation of 
the waves in the valley is extremely complex. 
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(a) power spectral density and coherency between 05 and 24 during the surface-wave window 
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(b) power spectral density and coherency between 05 and 03 during the surface-wave window 
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(c) power spectral density and coherency between 05 and 04 during the surface-wave window 
 
Figure 10. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 05 and stations along the northern blue line of Fig. 6 during the surface-wave window 
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(d) power spectral density and coherency between 05 and 06 during the surface-wave window 
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(e) power spectral density and coherency between 05 and 09 during the surface-wave window 
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(f) power spectral density and coherency between 05 and 10 during the surface-wave window 
 
Figure 10 (continued) 
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(g) power spectral density and coherency between 05 and 25 during the surface-wave window 
 
Figure 10 (continued) 
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(a) power spectral density and coherency between 19 and 23 during the surface-wave window 
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(b) power spectral density and coherency between 19 and 11 during the surface-wave window 
 
Figure 11. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 19 and stations along the southern blue line of Fig. 6 during the surface-wave window 
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(c) power spectral density and coherency between 19 and 15 during the surface-wave window 
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(d) power spectral density and coherency between 19 and 16 during the surface-wave window 
 
0 1 2 3 4 5 6 7 8 9 10
0
200
400
600
800
1000
1200
1400
1600
Frequency (Hz)
S
m
oo
th
ed
 P
ow
er
 S
pe
ct
ra
l D
en
si
ty
Aligned Data; Time 20.5-22.5 sec; Direction: E-W
19
21
 
0 1 2 3 4 5 6 7 8 9 10
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Frequency (Hz)
La
gg
ed
 C
oh
er
en
cy
Coherency; Stations 19 & 21; Time 20.5-22.5 sec; Direction: E-W, Alignment Lag = -3
non-aligned
aligned
 
(e) power spectral density and coherency between 19 and 21 during the surface-wave window 
 
Figure 11 (continued) 
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(f) power spectral density and coherency between 19 and 17 during the surface-wave window 
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(g) power spectral density and coherency between 19 and 20 during the surface-wave window 
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(h) power spectral density and coherency between 19 and 22 during the surface-wave window 
 
Figure 11 (continued) 
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3.4 Rock to Rock Analysis 
 
As indicated in the Introduction, it is, generally, considered that, for bridges crossing 
valleys, it suffices to approximate the frequency content of the motions at the 
abutments/piers supported at rock by conventional power/response spectra at rock sites, 
the frequency content of the motions at the piers supported at the softer soil by 
conventional power/response spectra at soil sites, and utilize any coherency model for the 
modeling of the spatial variation of the motions. The analysis of the shear- and surface-
wave windows in the previous two subsections, however, indicated the very complex 
pattern of the amplitude variability and the coherency of the motions between the soil and 
the rock stations, as well as the correlations of the motions between the soil stations. It 
was also noted that the rock motions at the further away station of the array, i.e., station 1 
located 2 km northeast of the array, the power spectral densities of which were presented 
in Fig. 6, were significantly different than the motions recorded at the rock stations in the 
vicinity of the valley, i.e., stations 22, 23, 24 and 25 (Fig. 7). This section examines the 
amplitude variability and the coherency between the data at station 1, which, due to its 2 
km distance from the valley is considered to be unaffected by the characteristics of the 
valley, and those at stations 22, 23, 24 and 25 during the time windows of 19.5-21 sec 
and 20.5-22.5 sec. These results, presented in the same layout as those of Figs. 9-12, are 
presented in Figs. 12 and 13, respectively. 
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3.4.1 Window of 19.5-21 sec 
 
 
 The results of the analysis of the data at station 01 with the rock data at stations 22, 23, 
24 and 25 for the shear-wave window are presented in Figs. 12(a), (b), (c) and (d), 
respectively. The power spectral densities on the left part of the subfigures are presented 
for the non-aligned data. Interestingly, aligning the data did not make a significant 
difference, except for station 23, which is located further down the valley and on the 
opposite side of the valley from the direction of propagation of the energy coming 
directly from the source; still, even for this station, the coherency pattern of aligned and 
non-aligned data is similar. This further suggests that, indeed, this window is the shear-
wave window of the data. What can be observed from the figures, is the dramatic 
amplification of the rock motions in the vicinity of the valley relative to the further-away 
rock station. This amplification is fairly similar for stations 22 and 23 (Figs. 12(a) and 
(b)), which belong to the southern bridge footprint (Fig. 7): a slight peak around 1.5 Hz, 
and a significantly more pronounced one around 5 Hz. Both these peaks also appear in 
the data at station 1, with the peak at the lower frequencies being the predominant one. It 
is noted, however, that the second peak of the power spectral density at stations 22 and 23 
is, at least 8 times higher than that at station 1. The power spectral density at station 24 
(Fig. 12(c)) indicates that the motions at this station amplify those at station 01 over the 
entire frequency range, with an additional amplification at the very high frequencies. On 
the other hand, there is dramatic amplification around 5.5 Hz (by more than 35) at station 
25, the magnitude of which is comparative to that at the soil stations during this window 
(Fig. 8(g)).  
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Interestingly, the coherency between the data at station 01 with the rock stations 
surrounding the valley, is very similar, and, in a sense, follows the same pattern of the 
estimated coherencies between the rock and soil stations and the soil stations in Figs. 8 
and 9. Coherency is higher at the lower frequencies, and is followed by a second “hill” at 
the frequency range, where there is energy in the data. It appears then that it is not the 
coherency between the data that varies in this window, but the amplitude, which can 
definitely not be described by a single power/response spectrum. 
 
3.4.2 Window of 20.5-22.5 sec 
 
 
 The results of the analysis of the data at station 01 with the rock data at stations 22, 23, 
24 and 25 for the window of 20.5-22.5 sec are presented in Figs. 13(a), (b), (c) and (d), 
respectively. This window was termed surface-wave window in the previous subsections, 
due to the dominance of surface waves in the valley; this notation is not valid in this 
evaluation, as the motions at station 01 are not affected by the surface waves. Indeed, the 
power spectral density of the motions at station 01 is peaked at 3.8 Hz, a peak that was 
not obvious in any of the previous evaluations herein, and is, definitely not present in the 
power spectral densities of the rock stations surrounding the valley. It is noted again that 
it is the non-aligned data at the stations that were used in the evaluation of the power 
spectral densities; aligning the data at these stations would be meaningless, as will be 
subsequently illustrated in the evaluation of their coherency. The power spectral densities 
at all rock stations surrounding the valley still peak at a low (1-2 Hz) and a higher (5-6 
Hz) frequency. In this case, contrary to the previous window, the power spectral densities 
of the rock stations at the southern bridge footprint of the valley are dissimilar (Figs. 
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13(a) and (b)), and the power spectral densities of the rock stations at the northern bridge 
footprint of the valley that are more similar, though not identical (Figs. 13(c) and (d)). 
For this window, the amplitudes of the spectra at the rock stations surrounding the valley 
are significant, but not dramatic, as was the case of the previous window (Fig. 12).  
  
As was the case for the evaluation of the coherency between the rock and soil stations 
during this window (Figs. 10(a) and (g), and Figs. 11(a) and (h)), it is the coherency of 
the non-aligned data that carries more weight. It is recalled that the coherency of noise 
smoothed by the 11-point Hamming window has the value of 0.35 (Abrahamson et al., 
1991). As should be expected from the differences in the amplitude variation of the 
motions, the coherency of the rock station 01 with the rock stations surrounding the 
valley are not significantly higher than this value, indicating that, for all practical 
purposes, these data are uncorrelated. 
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(a) power spectral density and coherency between 01 and 22 during the shear-wave window 
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(b) power spectral density and coherency between 01 and 23 during the shear-wave window 
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(c) power spectral density and coherency between 01 and 24 during the shear-wave window 
 
Figure 12. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 01 and the rock stations surrounding the valley during the shear-wave window 
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(d) power spectral density and coherency between 01 and 25 during the shear-wave window 
 
Figure 12. (continued) 
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(a) power spectral density and coherency between 01 and 22 during the 20.5-22 sec window 
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(b) power spectral density and coherency between 01 and 23 during the 20.5-22 sec window 
 
Figure 13. Power spectral densities and aligned and non-aligned coherencies between the data at 
station 01 and the rock stations surrounding the valley during the 20.5-22 sec window 
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(c) power spectral density and coherency between 01 and 24 during the 20.5-22 sec window 
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(d) power spectral density and coherency between 01 and 25 during the 20.5-22 sec window 
 
Figure 13. (continued) 
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CHAPTER 4: CONCLUSIONS 
 
 
 
The current trend in the seismic response evaluation of bridges is to incorporate the 
spatial variability in the seismic excitation. For bridges supported at variable ground 
types,  i.e., their abutments and some piers at rock sites and the intermediate piers at the 
softer soil deposits of a valley, the following modeling of the seismic excitation is 
commonly utilized: It is assumed that the power/response spectra of the motions at the 
bridge supports reflect the appropriate ground types (i.e., rock or soil), the coherency 
models developed at uniform sites can also be used at sites with irregular subsurface 
topography, and an assumed constant apparent propagation velocity can be used for the 
entire site. This modeling may not, however, be appropriate for the modeling of the 
spatial variability of the seismic motions at sites with irregular subsurface topography. 
 
This study analyzed data recorded at a unique dense array in the Parkway valley, 
Wainuiomata, New Zealand, with stations located on both the sediments and the 
surrounding rock. Frequency-wavenumber spectra analyses were first applied to the data 
recorded in the valley in order to identify the dominant waves controlling the motions 
during different windows. A “shear-wave” and a “surface-wave” window were identified 
for the subsequent analysis. Power spectral densities and lagged coherency estimates 
were determined between station pairs that mimic the location of bridge supports across 
the valley. An investigation of the effect of the valley on the seismic excitations in the 
surrounding rock was also performed. 
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The evaluation indicated that the seismic excitations within the valley have a significantly 
longer duration than the seismic ground motions recorded at the rock stations due to the 
formation of surface waves. Interestingly, motions at the rock stations surrounding the 
valley and at the soil stations indicate some correlation in the data for the shear-wave 
window. On the other hand, the correlation of the motions in the valley with those at the 
rock stations during the surface-wave window is low and resembles the correlation of 
noise. Furthermore, data recorded at the stations close the edge of the valley are affected 
by the valley/rock boundary, whereas data recorded in the middle of the valley appear to 
be more coherent. Significant variability is also observed in the frequency content of the 
motions depending on their location and the time window analyzed. A significant 
outcome of the study is that the valley characteristics also affect the power spectral 
densities of the motions in the surrounding rock, and, hence, rock power/response spectra 
do not model the frequency content of the motions appropriately. The analysis provides 
insight for the investigation and modeling of the spatial coherency at sites with irregular 
subsurface topography. 
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